Chemical and structural diversity present in hexagonal boron nitride ((h-BN) and graphene hybrid nanostructures provide new avenues for tuning various properties for their technological applications. In this paper we investigate the variation of thermal conductivity (κ) of hybrid graphene/h-BN nanostructures: stripe superlattices and BN (graphene) dots embedded in graphene (BN) are investigated using equilibrium molecular dynamics. To simulate these systems, we have parameterized a Tersoff type interaction potential to reproduce the ab initio energetics of the B-C and N-C bonds for studying the various interfaces that emerge in these hybrid nanostructures. We demonstrate that both the details of the interface, including energetic stability and shape, as well as the spacing of the interfaces in the material exert strong control on the thermal conductivity of these systems. For stripe superlattices, we find that zigzag configured interfaces produce a higher κ in the direction parallel to the interface than the armchair configuration, while the perpendicular conductivity is less prone to the details of the interface and is limited by the κ of h-BN. Additionally, the embedded dot structures, having mixed zigzag and armchair interfaces, affects the thermal transport properties more strongly than superlattices. Though dot radius appears to have little effect on the magnitude of reduction, we find that dot concentration (50% yielding the greatest reduction) and composition (embedded graphene dots showing larger reduction that h-BN dot) have a significant effect.
I. INTRODUCTION
Following the isolation of single layer graphene, 1 studies on the electrical, 2-6 optical, 7, 8 thermal, [9] [10] [11] [12] [13] [14] and mechanical 15, 16 properties of this low-dimensional material have revealed their potential for many technological applications. [17] [18] [19] [20] This in turn has triggered interest in isomorphs of graphene, namely h-BN [21] [22] [23] [24] [25] [26] [27] [28] and hybrid h-BN/graphene structures. Recently, fabrication of both random immersions of h-BN in graphene 29, 30 and well-defined clusters of h-BN in graphene with possible kinetically controllable domain sizes 31 has intensified this interest. In particular, such hybrid systems have a considerable compositional and structural diversity that translates into greater freedom for tuning the physical properties.
Both experimental and density functional theory (DFT) studies have shown that the physical properties of these materials can be significantly modified by simply varying the relative amount of h-BN to graphene. [32] [33] [34] For instance, Ci et al. 31 have experimentally shown that decreasing the relative amount of h-BN to graphene increases the electrical conductivity, which has been supported by DFT studies where increasing BN concentration and cluster size results in band gap opening. 35, 36 It is recently shown that the details of the bonding investigated systematically by considering superlattices with different nano-morphologies.
The objective of this study is to investigate the influence of the chemical and structural diversity present in hexagonal boron nitride ((h-BN) and graphene hybrid nanostructures on thermal transport and test possible pathways for tuning the thermal conductivity of these low dimensional hybrid structures. In this paper, we investigate the variation of thermal conductivity of hybrid graphene/h-BN nanostructures in particular: 1) stripe superlattice geometries while varying geometric parameters and composition and 2) BN (graphene) dots embedded in graphene (BN) as a function of dot-diameter and composition. The theoretical findings aim at providing basis for potential thermal management applications in miniaturized devices.
We have previously calculated the lattice thermal conductivities of nanotubes, graphene and h-BN based nanostructures [42] [43] [44] [45] [46] with considerable accuracy and compared the results with available experimental data.
14 In this study, we implement an accurate model for C-B and C-N interactions by employing DFT calculations in addition to our previous h-BN potential. Using these Tersoff interatomic potentials, we calculated the lattice thermal conductivity of several possible graphene/h-BN hybrid structures. The rest of the report is organized as follows: First, the model utilized to develop the potential and the calculation methods for thermal conductivity are described. Then, the validity of our potentials for studying hybrid nanostructures is demonstrated. This is followed by a detailed description of the considered hybrid nanostructures and a discussion of the effect of structure and composition on lattice thermal transport properties.
II. METHOD
Equilibrium molecular dynamics simulations can be utilized to obtain instantaneous heat current (J ) or energy moment (R) as a function of time. Subsequently, thermal conductivity, κ can be evaluated by using either the heat current autocorrelation function (Green-Kubo method) [47] [48] [49] or mean square displacement of the energy moment (Einstein relation) 49 as discussed in detail in our earlier studies. [43] [44] [45] 50, 51 Here, the thermal conductivity is evaluated from the Einstein relation (the mean square displacement of energy moment, named hMSD)
as given by
Here, V is the volume, T is the temperature and k B is the Boltzmann constant. The energy moment through direction µ is defined by R µ . The right hand side of Eq. 1 represents a linear change in Einstein relation for the time (t) much larger than the decay time (τ ).
The long-time behavior corresponds to diffusive regime in transport of heat. For short-times, on the other hand, the average energy propagation is ballistic and results in a non-linear relation between κ and hMSD. Given the time, a bulk system assumes a diffusive behavior at elevated temperatures and thus we are more interested in this regime. Computationally, we eliminate the non-linear portion of the relationship by discarding the first 100 ps of hMSD then fit the rest to a linear function, i.e., hMSD = 2V k B T 2 κ µµ t, in order to obtain thermal conductivity.
In this study, we investigate the thermal conductivity of graphene/h-BN superlattices in the form of stripes and dots/"anti"dots, see Fig. 1 . The stripe superlattices are discussed in two general categories. In the first case, equal periods (l G = l BN ), and in the second unequal We have previously developed a Tersoff-type potential for h-BN systems. 44 Also, a Tersoff parametrization for graphene is given by Lindsay and Broido. Table IV of the Appendix.
B. Stripe Superlattices with Equal Periods
In all striped superlattice structures, we calculated the lattice thermal conductivities parallel, κ , and perpendicular, κ ⊥ , to the superlattice orientation. The chosen interfaces are shown in Fig. 3 and 4 with the associated thermal conductivity values. The ball-andstick structure in Fig. 3a and in Fig. 4a is the same interface given in Fig. 2 as structure 5, essentially one armchair ribbon connected to the other two in a symmetrical fashion though forming B-C and N-C bonds. Whereas the structure represented as Fig. 3b and Fig. 4b can be thought of as one zigzag ribbon connected to two others on one side by B-C bonds and on the other by N-C bonds. These interfaces correspond to structures 2 and 3 in Fig. 2 .
The effective stiffness at the interface, obtained by fitting the ∆γ to a quadratic function,
shows that the C-N bond is stronger than C-B bond. This is expected considering that both interactions are mainly covalent and as more electrons are involved in the bonding, the strength of the bond increases. give 752.7 W/mK. The actual physics of the simulated systems, on the other hand, will not resemble to the idealized picture. First, the system has a finite thermal boundary resistance that depends on the acoustic mismatch of the stripes and the intrinsic properties of the boundary. The effect of boundary structure on κ ⊥ is less pronounced when the results from Fig. 3 a) and b) compared, and it is almost independent for zigzag and armchair interfaces.
Second, some of the systems have period lengths of only few nanometers which is very short compared to the MFP of the relevant phonons. Thermal conductivity perpendicular to the interface increases slowly as the period size grows; however, the ideal value will not be reached because of the limiting effect of thermal boundary resistance, which will be present even in systems with period sizes longer than the characteristic MFP.
C. Stripe Superlattices with Unequal Periods
Using the same interfaces, we remove the constraint of equal size periods and only require the sum of l BN and l G to be 60 nm. We note here that the variation of the period lengths also enables us to see the influence of concentration. When h-BN has a small concentration (or a small period), the parallel component of thermal transport increases toward the limiting value of graphene as seen in Fig. 4 . On the other hand, the perpendicular component does not exceed 700 W/mK. Again, the zigzag interfaces have higher parallel thermal transport coefficients (35% larger) than the armchair interfaces in almost all configurations.
When the period of BN is small, the reduction in κ ⊥ from the pristine graphene value is mainly due to interfacial phonon scattering; systems with larger l BN drive κ ⊥ toward the Table I in Appendix.
pure BN values but are still limited by the influence of interfacial scattering. The effect of atomic bonding at the interface on conduction is most clearly seen when l BN /l T otal =0.05.
Conductivity perpendicular to the boundary in armchair interfaced sample is noticeably higher than zigzag sample. This is most probably caused by enhanced scattering from alternating types of interface bonding in zigzag boundaries.
D. Dot and Anti-dot Superlattices
We now turn to the investigation of the thermal conductivity of ordered and random distributions of h-BN dots embedded in graphene. Fig. 5 shows the influence of dot size and concentration on the κ. From Fig. 5 we see that larger dot sizes lead to higher thermal transport coefficients. At the lowest BN concentration (2%) the system with the largest dot has a 20% larger transport coefficient than the other sizes. This could be understood by the fact that larger dots have a smaller boundary to bulk ratio at the same concentration. As more dots are introduced, this interface effect is suppressed and the κ of all systems converge Table II in Appendix.
to 250 W/mK at 40% h-BN. Interestingly, this large concentration limit is similar to the perpendicular conductivity of stripe superlattices with periods similar to the diameter of the dots, see Fig. 3 . It is likely that at large concentrations the h-BN dots can isotropically limit the thermal transport in the same manner that the stripes limit the transport perpendicular to the boundary.
In addition to ordered BN dots, we have modeled ordered and random distributions of graphene dots in h-BN. The thermal conductivity values of these systems are also presented in Fig. 5 . A decreasing behavior in thermal conductivity is also observed in these systems as the number of graphene dots increases. It is surprising to see graphene, as the higher κ component, does not enhance the thermal conductivity of h-BN. This can be attributed to the relatively small size of the dots and the large h-BN/graphene interface to area ratio, leading to interfacial phonon scattering events dominating κ. At the lowest C concentration, the ordered dot system has higher thermal conductivity than the bulk value of h-BN. It is not clear whether this is an actual physical phenomena or an averaging problem since the error bars are large enough to include the bulk value. In creating the random dot configurations, we maintain the mean dot separation similar to the one in the ordered configurations with same concentration. For each concentration, the initial conditions of the simulations are not only varied by atom velocities but the also the distribution of the dots. The thermal conductivities of the structures, having ordered and random dots, are not significantly different for the same dot sizes and concentrations (see the inset of Fig. 5 ).
Again, the smaller dots lead to lower κ when the concentration of C is kept constant.
IV. SUMMARY AND CONCLUDING REMARKS
We have characterized the lattice thermal transport properties of hybrid graphene and Table III in Appendix.
VI. APPENDIX
Structural details of stripe and dot superlattices are given in Table I, Table II and Table III. The potential used in this study is developed by Tersoff. In this description the lower indices i, j and k mark the atoms where i-j bond is modified by a third atom k. The potential parameters and their corresponding values are given in Table IV . The parameter χ ij was used as a fitting parameter in our study. For the mixing of parameters, the geometric mean is calculated for the multiplier parameters and arithmetic mean is calculated for the exponential parameters. These rules are given below. It should be mentioned that χ ij modifies B ij which is obtained as a result of the mixing procedure. Here, we also note that the developed potential is not parameterized to represent N-N or B-B interactions as can be seen from Table IV . 
